One of the crucial challenges in the clinical management of cancer is resistance to chemotherapeutics. Multidrug resistance (MDR) has been intensively studied, and one of the most prominent mechanisms underlying MDR is overexpression of adenosine triphosphate (ATP)-binding cassette (ABC) transporters. Despite research efforts to develop compounds that inhibit the efflux activity of ABC transporters and thereby increase classical chemotherapy efficacy, to date, the Food and Drug Administration (FDA) has not approved the use of any ABC transporter inhibitors due to toxicity issues. Hedgehog signaling is aberrantly activated in many cancers, and has been shown to be involved in chemotherapy resistance. Recent studies showed that the Hedgehog receptor Ptch1, which is over-expressed in many recurrent and metastatic cancers, is a multidrug transporter and it contributes to the efflux of chemotherapeutic agents such as doxorubicin, and to chemotherapy resistance. Remarkably, Ptch1 uses the proton motive force to efflux drugs, in contrast to ABC transporters, which use ATP hydrolysis. Indeed, the "reversed pH gradient" that characterizes cancer cells, allows Ptch1 to function as an efflux pump specifically in cancer cells. This makes Ptch1 a particularly attractive therapeutic target for cancers expressing Ptch1, such as lung, breast, prostate, ovary, colon, brain, adrenocortical carcinoma, and melanoma. Screening of chemical libraries have identified several molecules that are able to enhance the cytotoxic effect of different chemotherapeutic agents by inhibiting Ptch1 drug efflux activity in different cancer cell lines that endogenously over-express Ptch1. In vivo proof of concept has been performed in mice where combining one of these compounds with doxorubicin prevented the development of xenografted adrenocortical carcinoma tumors more efficiently than doxorubicin alone, and without obvious undesirable side effects. Therefore, the use of a Ptch1 drug efflux inhibitor in combination with classical or targeted therapy could be a promising therapeutic option for Ptch1-expressing cancers.
Introduction
Despite the major progress that has been made in biomedical research, and the development of novel therapeutic strategies, cancer is still among the dominant causes of death worldwide [1] . One of the crucial challenges in the clinical management of cancer is primary (intrinsic) and secondary (acquired) resistance to both conventional and targeted chemotherapeutics.
Cancer is a complex disease and it represents the result of the progressive accumulation of genetic aberrations and epigenetic changes that escaped from the regular cellular and environmental controls. Cancer cells usually acquire genetic aberration including aneuploidy, chromosomal rearrangement, loss or gain of function mutations, deletions, gene rearrangements and amplifications [2] . * PMEA: 2 ,3 -dideoxycytidine 9 -(2 -hosphonylmethoxynyl)adenine.
ABC transporters have a conserved structure, with nucleotide binding domains (NBD) and transmembrane domains (TMD) [7] . The drug transport mechanism of ABC transporters is coupled to ATP hydrolysis [8] . There are 49 ABC transporters classified in seven subfamilies, which are expressed in both normal and malignant cells [9, 10] ; the transporters that are most frequently involved in multidrug resistance (MDR) are P-glycoproteins (P-gp; MDR1/ABCB1), MDR-associated proteins (MRP1/ABCC1) and breast cancer resistance proteins (BCRP/ABCG2).
Since the discovery that the over-expression of ABC transporters in cancer cells can mediate resistance to anti-cancer drugs, research has been directed towards developing compounds that inhibit the efflux activity of these transporters, and thereby increase classical chemotherapy efficacy. However, P-gp is expressed in normal tissues such as at the apical surface of liver hepatocytes, in the proximal tubular cells of kidneys, and in enterocytes of the intestines, where it has a physiological function in the detoxification of the organism by excreting its substrates into bile, urine, and the intestinal contents, which explains why the use of P-gp inhibitors leads to undesirable consequences. ABC transporters were also found to be expressed in other tissues such as the heart, where they have a role in detoxification and protection of the heart from the accumulation of xenobiotics. Many cases of cardiotoxicity have been linked to an increase in drug concentrations in the heart after co-administration of antineoplastic drugs and multidrug-resistance-reversing agents (drugs that are identified as P-gp inhibitors, and that have the capability to restore the drug sensitivity of antineoplastic-resistant tumor cells) [11] . Moreover, the antidiarrheal loperamide has been shown to enter into the central nervous system (CNS) (from which it is normally excluded) by the simultaneous administration of the P-gp modulator quinidine, and genetic disruption of P-gp in mice enhances levels of substrate drugs accumulated in the brain, with markedly slower elimination from the circulation, resulting in dramatically increased toxicity to normal tissue [12] . Thus, the simultaneous use of cytotoxic drugs and agents that block P-gp function has raised questions of safety. Therefore, to date, the Food and Drug Administration (FDA) has not approved the use of any ABC transporter inhibitors due to toxicity issues [13] .
It has been reported that the Hedgehog (Hh) signaling pathway, which is aberrantly activated in many cancers, upregulates the expression of certain ABC transporters such as P-gp and BCRP [14, 15] . The Hh signaling pathway controls cell differentiation and proliferation, and also plays a crucial role in embryonic development, and in stem cell homeostasis and tissue regeneration in the adult [16, 17] . In vertebrates, canonical Hh signaling can be initiated by three ligands: Desert hedgehog (Dhh), Indian hedgehog (Ihh), and Sonic hedgehog (Shh). Shh is the most frequently studied Hh ligand. It is expressed in the central nervous system, lungs, teeth, intestines, and hair follicles during development. Later, during organogenesis, Shh is expressed in, and affects development of most epithelial tissues. Ihh is involved in endochondral bone formation, as a negative regulator of chondrocyte differentiation, and it participates in the development of gastrointestinal tract and mammary glands. Dhh is the closest homologue of the Drosophila Hh ligand. Its expression is restricted to the gonads, including the Sertoli cells in the testis, where it plays a key role in the differentiation of germ cells. All Hh proteins undergo maturation before the active ligand is released from the cell and activates Hh signaling. The 45 kDa long polypeptide is auto-catalytically cleaved to produce the active Hh protein, a~19 kDa N-terminal Hh signaling domain (HhN) with cholesterol at the C-terminus and a palmitic acid moiety at the N-terminus. The secretion of mature, functionally active Hh proteins is regulated by Dispatched (Disp) protein, which allows their release from the cells. Hh proteins can act as mitogens, morphogens, and differentiation factors at longer or shorter distances, during different stages of development and in different tissues. Shh, Ihh, and Dhh ligands bind with similar affinity to both of the two Patched homologs isolated in vertebrates, which both repress the activity of Smo protein in the absence of ligand. Ptch1 is primarily expressed in mesenchymal cells that produce Shh proteins, while Ptch2 is expressed in skin and testicular epithelial cells [17] . Binding of Hh ligand to Ptch1 leads to its internalization and degradation. This process relieves the inhibitory effect of Ptch1 on Smo, which then activates the Gli zinc-finger transcription factors; these factors control the transcription of Hh target genes, including Fox, Myc, Patched, Hhip, Snail, Nanog, Sox2, and cyclin D, which are involved in cell development, differentiation, epithelial-mesenchymal transition (EMT), and stem cell maintenance [18] [19] [20] . Aberrant activation of Hh signaling has been shown to be involved in the initiation, promotion, metastasis, and chemotherapy resistance of a growing number of solid and hematologic tumors [21, 22] . This is the case in particular for cells that exhibit resistance to chemotherapy, such as cancer stem cells or tumor-initiating cells [20] .
The Hh Receptor Ptch1 Is Overexpressed in Many Aggressive Cancers
The major mechanisms by which the Hh pathway is aberrantly activated in cancer can be attributed to mutations of Hh pathway constituents (Type I: ligand-independent), excessive expression of Hh pathway ligands (Type II-IIIb: ligand-dependent), and the generation of a cancer stem cell (CSC) phenotype (Type IV) ( Table 2 ) [20] .
The link between Hh signaling and tumorigenesis was first discovered in patients with Gorlin syndrome, which was characterized by a loss of Ptch1 heterozygosity [23] [24] [25] [26] . Gorlin syndrome also known as nevoid basal cell carcinoma syndrome (NBCCS), is an autosomal dominant disorder that predisposes patients to medulloblastomas, basal cell carcinomas (BCCs) and developmental defects [23] . NBCCS patients are also at an increased risk for ovarian fibromas, meningiomas, fibrosarcomas, Cells 2018, 7, 107 4 of 14 rhabdomyosarcomas, cardiac fibromas, and ovarian dermoids. These are type I-ligand-independent cancers with autonomous Hh signaling. Other mechanisms of Hh signaling involved in cancer development are ligand-dependent. For example, in some cancers, tumor cells produce Hh, which then activates the Hh signaling in themselves in an autocrine manner (Type II-ligand-dependent signaling in autocrine manner) [20] . This type of activation was based on tumors that express both the Hh ligand and the downstream Hh components. Other tumors function through paracrine effects on the surrounding stroma (Type IIIa-Ligand-dependent, paracrine signaling) [27, 28] . For example, pancreatic, ovarian, prostate, and colorectal cancers activate Hh signaling via paracrine stimulation [29, 30] . In type IIIb-ligand-dependent, reverse paracrine signaling cancers, stromal cells produce and secrete Hh ligand which then activate Hh signaling in tumor cells [27, 31] . This is the case in hematological malignancies such as B-cell lymphoma, multiple-myeloma and leukemia, in which Hh secreted from the bone marrow stroma is essential for the survival of cancerous B cells through the upregulation of the anti-apoptotic factor Bcl-2 [32, 33] . In a fourth type of cancer, Hh signaling is involved in the maintenance of a subpopulation of tumor cells that exhibit stem cell-like properties. This rare subset of tumor-initiating cells, termed cancer stem cells (CSCs), are proposed to maintain a self-renewing reservoir, and they differentiate into transient amplifying cells to produce a state of cellular heterogeneity within a tumor [34] . Hh signaling is believed to drive the CSC phenotype through the regulation of stemness-determining genes such as Nanog, Oct4, Sox2 and Bmi1. While Hh-driven CSCs have been validated for numerous hematological malignancies, their existence in solid tumors remains more controversial [18] . Mounting evidence indicates that ligand-independent Hh signaling, also called non-canonical Hh signaling plays an essential role in cancer. In some situations, the Gli transcription factors can be activated by other molecules/signaling independent of ligand and Smo. The molecules/signaling pathways that can bypass the ligand-receptor signaling axis to activate Hh signaling, including Kras signaling, TGFβ, PI3K, PKC, and epigenetic regulators [35] . Moreover, a vast number of studies have demonstrated that not all non-canonical Hh signaling proceeds through Gli activation. There are two classes of Gli-independent, non-canonical Hh signaling in cancers: type I, which works through Ptch1 and is independent of Smo, and type II, which functions through Smo activation [36] .
As the Hh receptor Ptch1 is an Hh target gene, this receptor has been shown to be overexpressed in many cancers such as lung, breast, prostate, ovary, colon, brain, melanoma [21, 37, 38] , and myeloid leukemia [15, 39] Indeed, in 2013, a study from Korea examined 334 cases of breast cancer and found that Ptch1 was overexpressed in 190 of them, and was significantly correlated with lymph node metastasis, advanced cancer stages, and more aggressive tumor behavior [41] . This was confirmed in a recent study that was performed on 150 fresh tumors from breast cancer patients, which reported that Ptch1 was significantly overexpressed in tumors, as compared to in corresponding normal mammary tissues [42] . According to a review article from Papadopoulos and co-workers [43] , Ptch1 is also upregulated in colorectal cancers. Further, immunohistochemical (IHC) analysis on adrenocortical carcinoma (ACC) samples from 70 patients showed that Ptch1 was expressed in ACC tumor tissues from all 70 patients [44] . Finally, Ptch1 has been proposed to be an early marker for gastric and thyroid cancers [45, 46] .
A study published in 2010 [47] reported that high levels of Ptch1 were detected in 76% of biopsy specimens from esophageal squamous cell carcinoma patients that were treated with chemotherapy. Interestingly, significant associations were observed between high Ptch1 and Gli1 expression with large tumor size, locoregional progression, and an incomplete response to chemotherapy. In a multivariate analysis, Ptch1 and Gli1 expression status were both evaluated as independent prognostic factors for locoregional progression-free survival, distant progression-free survival, and overall survival; the authors observed that Ptch1 and Gli1 expression may be significantly associated with resistance to chemotherapy in esophageal squamous cells carcinoma. This is strengthened by a very recent study reporting that Ptch1 expression correlates with, and may be a prognostic marker for biochemical relapse in high-risk prostate cancer patients [48] .
Hence, there are multiple lines of evidence that suggest that Ptch1 expression may contribute to cancer resistance to chemotherapy. The question is, how?
Ptch1 Is a Multidrug Transporter Involved in Chemotherapy Resistance
The regulation of Smo activation by Ptch1 is altered in many cancers. The mechanism by which Ptch1 represses Smo has been the subject of numerous studies. For example, Taipale and co-workers [49] showed in 2002 that Ptch1 inhibits Smo sub-stoichiometrically, suggesting that there is no direct interaction between Ptch1 and Smo. Several small molecules modulate Hh signaling through direct binding to Smo, and some Smo antagonists are in clinical trials for treating tumors [21, 50] . Moreover, several studies have reported that Smo can be repressed by molecules such as vitamin D3 [51] , and activated by oxysterols [52] [53] [54] and phosphatidylinositol 4-phosphate [55] . On the basis of these observations and the sequence homology of Ptch1 with bacterial transporters, Ptch1 has been proposed to function as a transporter that could change the concentration of small molecules involved in Smo activation or inhibition [49, 56] .
Secondary structure prediction suggests that Ptch1 has 12 transmembrane-spanning domains, two hydrophilic extracellular loops, and intracellular N-and C-terminal domains (Figure 2 ). Indeed, in 2013, a study from Korea examined 334 cases of breast cancer and found that Ptch1 was overexpressed in 190 of them, and was significantly correlated with lymph node metastasis, advanced cancer stages, and more aggressive tumor behavior [41] . This was confirmed in a recent study that was performed on 150 fresh tumors from breast cancer patients, which reported that Ptch1 was significantly overexpressed in tumors, as compared to in corresponding normal mammary tissues [42] . According to a review article from Papadopoulos and co-workers [43] , Ptch1 is also upregulated in colorectal cancers. Further, immunohistochemical (IHC) analysis on adrenocortical carcinoma (ACC) samples from 70 patients showed that Ptch1 was expressed in ACC tumor tissues from all 70 patients [44] . Finally, Ptch1 has been proposed to be an early marker for gastric and thyroid cancers [45, 46] .
The regulation of Smo activation by Ptch1 is altered in many cancers. The mechanism by which Ptch1 represses Smo has been the subject of numerous studies. For example, Taipale and co-workers [49] showed in 2002 that Ptch1 inhibits Smo sub-stoichiometrically, suggesting that there is no direct interaction between Ptch1 and Smo. Several small molecules modulate Hh signaling through direct binding to Smo, and some Smo antagonists are in clinical trials for treating tumors [21, 50] . Moreover, several studies have reported that Smo can be repressed by molecules such as vitamin D 3 [51] , and activated by oxysterols [52] [53] [54] and phosphatidylinositol 4-phosphate [55] . On the basis of these observations and the sequence homology of Ptch1 with bacterial transporters, Ptch1 has been proposed to function as a transporter that could change the concentration of small molecules involved in Smo activation or inhibition [49, 56] . In view of the sequence similarity between Ptch1 and the Niemann-Pick disease type C1 protein (NPC1) which is involved in cholesterol binding and transport [57] [58] [59] [60] , Bidet and co-workers investigated the relationship between Ptch1 and cholesterol, and demonstrated that Ptch1 is also involved in cholesterol binding and transport [61] . The Ptch1 sequence possesses a sterol-sensing domain (SSD), which is a phylogenetically conserved domain that is shared by several classes of proteins with key roles in different aspects of cholesterol homeostasis, such as NPC1 [62] (Figure 2 ). This domain is essential for Smo repression in Drosophila and vertebrates [63, 64] . Indeed, blocking Ptch1 SSD activity in Drosophila causes not only endosomal lipid accumulation, but also alters the trafficking of Smo from endosomes [65] . Using the well-known Sonic Hedgehog (Shh)-responding mouse fibroblast cell line NIH3T3, Bidet and colleagues [61] observed that enhancing the intracellular cholesterol concentration induced Smo enrichment in the plasma membrane, which is a crucial step for signaling activation. They found that binding of Shh protein to its receptor Ptch1, which involves Ptch1 internalization, increased the intracellular concentration of cholesterol and decreased the efflux of a fluorescent cholesterol derivative (BODIPY-cholesterol) in these cells. They observed that treatment of fibroblasts with cyclopamine, an antagonist of Hh signaling, inhibited Ptch1 expression and reduced BODIPY-cholesterol efflux, while treatment with the Smo agonist SAG enhanced Ptch1 protein expression and BODIPY-cholesterol efflux. They also showed that over-expression of human Ptch1 in the yeast S. cerevisiae resulted in a significant boost of BODIPY-cholesterol efflux. Finally, they demonstrated that purified Ptch1 is able to bind to cholesterol, and that the interaction between Shh and Ptch1 inhibits the binding of Ptch1 to cholesterol. These results demonstrated for the first time that Ptch1 contributed to cholesterol efflux from cells. This activity is likely to be responsible for the inhibition of Smo enrichment at the plasma membrane, which is a crucial step in Hh pathway activation (Figure 3) . The involvement of Ptch1 in cholesterol transport and the Ptch1-dependent Smo regulation mechanisms proposed in this study are consistent with the impairment of Hh signaling caused by decreased intracellular cholesterol levels that is observed in congenital malformations such as Smith-Lemli-Opitz syndrome (SLOS), desmosterolosis, and lathosterolosis [56] . Defective regulation of cholesterol biosynthesis could further aggravate impaired Hh signaling in In view of the sequence similarity between Ptch1 and the Niemann-Pick disease type C1 protein (NPC1) which is involved in cholesterol binding and transport [57] [58] [59] [60] , Bidet and co-workers investigated the relationship between Ptch1 and cholesterol, and demonstrated that Ptch1 is also involved in cholesterol binding and transport [61] . The Ptch1 sequence possesses a sterol-sensing domain (SSD), which is a phylogenetically conserved domain that is shared by several classes of proteins with key roles in different aspects of cholesterol homeostasis, such as NPC1 [62] (Figure 2 ). This domain is essential for Smo repression in Drosophila and vertebrates [63, 64] . Indeed, blocking Ptch1 SSD activity in Drosophila causes not only endosomal lipid accumulation, but also alters the trafficking of Smo from endosomes [65] . Using the well-known Sonic Hedgehog (Shh)-responding mouse fibroblast cell line NIH3T3, Bidet and colleagues [61] observed that enhancing the intracellular cholesterol concentration induced Smo enrichment in the plasma membrane, which is a crucial step for signaling activation. They found that binding of Shh protein to its receptor Ptch1, which involves Ptch1 internalization, increased the intracellular concentration of cholesterol and decreased the efflux of a fluorescent cholesterol derivative (BODIPY-cholesterol) in these cells. They observed that treatment of fibroblasts with cyclopamine, an antagonist of Hh signaling, inhibited Ptch1 expression and reduced BODIPY-cholesterol efflux, while treatment with the Smo agonist SAG enhanced Ptch1 protein expression and BODIPY-cholesterol efflux. They also showed that over-expression of human Ptch1 in the yeast S. cerevisiae resulted in a significant boost of BODIPY-cholesterol efflux. Finally, they demonstrated that purified Ptch1 is able to bind to cholesterol, and that the interaction between Shh and Ptch1 inhibits the binding of Ptch1 to cholesterol. These results demonstrated for the first time that Ptch1 contributed to cholesterol efflux from cells. This activity is likely to be responsible for the inhibition of Smo enrichment at the plasma membrane, which is a crucial step in Hh pathway activation (Figure 3) . The involvement of Ptch1 in cholesterol transport and the Ptch1-dependent Smo regulation mechanisms proposed in this study are consistent with the impairment of Hh signaling caused by decreased intracellular cholesterol levels that is observed in congenital malformations such as Smith-Lemli-Opitz syndrome (SLOS), desmosterolosis, and lathosterolosis [56] . Defective regulation of cholesterol biosynthesis could further aggravate impaired Hh signaling in holoprosencephaly which is the most severe form of SLOS [66] . This is also consistent with recent data suggesting that the binding of Hh to Ptch1 de-represses the levels of phosphatidylinositol 4-phosphate (PI4P), which in turn promotes Smo activation [55] , since cholesterol has been shown to modulate PI4P synthesis [67] . Interestingly, Ptch1 possesses a GXXXD motif in the middle of TM4. This motif is highly conserved in the resistance-nodulation-division (RND) family of prokaryotic efflux pumps (Figure 2) , and has shown to be associated with the transport activity of these proteins. Notably, of the many mutations in Ptch1 that are known to be associated with Gorlin's syndrome [68] , three affect these two conserved residues, strongly suggesting the existence of a function that is conserved between the RND family and Ptch1. These mutations were shown to inhibit Ptch1 suppression activity on the Hh pathway [49] . Moreover, Soloview and co-workers reported in 2011 that one of the two highly related Ptch1 gene homologs in the nematode C. elegans, PTC-3, has retained essential roles in C. elegans that are independent of Smo [69] . Missense changes in the transporter GXXXD/E motif revealed that the transporter domain is essential for PTC-3 activity, and suggested that the movement of lipids or sterols could represent a fundamental and evolutionarily conserved function for these proteins.
Transporters from the RND family use the proton motive force to efflux a wide variety of substrates such as sterols, lipids, bile salts, fatty acids, and metal ions, as well as lipophilic drugs from the cytosol of Gram-negative bacteria [70, 71] , and are involved in drug resistance. In a study published in 2012, Bidet and colleagues showed for the first time that Ptch1 is a multidrug transporter involved in the resistance of cancers to chemotherapy [72] . They reported that the expression of Ptch1 in S. cerevisiae increased the efflux of doxorubicin, and conferred resistance on yeast to this chemotherapeutic agent, which is used to treat recurrent cases of cancers. They showed that this doxorubicin efflux was dependent on the proton motive force, and that yeast expressing Ptch1 protein carrying the double mutation G509VD513Y in the transport GXXXD motif were significantly less resistant to doxorubicin, and transported significantly less doxorubicin than yeast expressing wild-type Ptch1. The authors also observed that the expression of Ptch1 in yeast confers resistance to other molecules used in chemotherapy such as methotrexate, temozolomide, and 5-fluorouracil, to antibiotics such as hygromycin B, to antiseptics such as acriflavine, and to dyes such as H33342. They also showed that Ptch1 expression allows yeast to efflux the antiseptic acriflavine as efficiently as doxorubicin. To determine if Ptch1 also plays a role in drug efflux when endogenously expressed in mammalian cells, they studied doxorubicin efflux in the highly Shh-responsive mouse fibroblasts Interestingly, Ptch1 possesses a GXXXD motif in the middle of TM4. This motif is highly conserved in the resistance-nodulation-division (RND) family of prokaryotic efflux pumps (Figure 2) , and has shown to be associated with the transport activity of these proteins. Notably, of the many mutations in Ptch1 that are known to be associated with Gorlin's syndrome [68] , three affect these two conserved residues, strongly suggesting the existence of a function that is conserved between the RND family and Ptch1. These mutations were shown to inhibit Ptch1 suppression activity on the Hh pathway [49] . Moreover, Soloview and co-workers reported in 2011 that one of the two highly related Ptch1 gene homologs in the nematode C. elegans, PTC-3, has retained essential roles in C. elegans that are independent of Smo [69] . Missense changes in the transporter GXXXD/E motif revealed that the transporter domain is essential for PTC-3 activity, and suggested that the movement of lipids or sterols could represent a fundamental and evolutionarily conserved function for these proteins.
Transporters from the RND family use the proton motive force to efflux a wide variety of substrates such as sterols, lipids, bile salts, fatty acids, and metal ions, as well as lipophilic drugs from the cytosol of Gram-negative bacteria [70, 71] , and are involved in drug resistance. In a study published in 2012, Bidet and colleagues showed for the first time that Ptch1 is a multidrug transporter involved in the resistance of cancers to chemotherapy [72] . They reported that the expression of Ptch1 in S. cerevisiae increased the efflux of doxorubicin, and conferred resistance on yeast to this chemotherapeutic agent, which is used to treat recurrent cases of cancers. They showed that this doxorubicin efflux was dependent on the proton motive force, and that yeast expressing Ptch1 protein carrying the double mutation G509VD513Y in the transport GXXXD motif were significantly less resistant to doxorubicin, and transported significantly less doxorubicin than yeast expressing wild-type Ptch1. The authors also observed that the expression of Ptch1 in yeast confers resistance to other molecules used in chemotherapy such as methotrexate, temozolomide, and 5-fluorouracil, to antibiotics such as hygromycin B, to antiseptics such as acriflavine, and to dyes such as H33342.
They also showed that Ptch1 expression allows yeast to efflux the antiseptic acriflavine as efficiently as doxorubicin. To determine if Ptch1 also plays a role in drug efflux when endogenously expressed in mammalian cells, they studied doxorubicin efflux in the highly Shh-responsive mouse fibroblasts NIH3T3. They observed that the decrease in Ptch1 protein levels induced by the addition of Shh ligand during efflux measurements, or pre-treatment of fibroblasts with the Smo antagonist cyclopamine, significantly decreased the doxorubicin efflux from fibroblasts. Decreased Ptch1 protein levels also increased doxorubicin accumulation in melanoma and leukemia cell lines known to aberrantly express Hh signaling components [15, 73] . Furthermore, they showed that the presence of Shh increased the cytotoxicity of doxorubicin on melanoma cells.
The hypothesis that Ptch1 could be a multidrug transporter involved in chemotherapy resistance has been strongly strengthened by the observation, using Ptch1-silencing RNA, that doxorubicin efflux from the human cell line H295R, which was isolated from a patient diagnosed with an adrenocortical carcinoma (ACC), mainly occurs through Ptch1 and not through ABC transporters such as P-gp [44] . Notably, doxorubicin is one of the three chemotherapeutic agents that is included in the gold standard ACC therapy which often fails due to resistance to the treatment, leading to poor overall patient survival [74, 75] .
Patched Drug Efflux Activity and Cancer Cell Metabolism
Normal cells primarily produce energy through mitochondrial oxidative phosphorylation. The metabolism of glucose, the central macronutrient, allows for energy to be harnessed in the form of ATP, through the oxidation of its carbon bonds. In mammals, the end product can be lactate or, upon full oxidation of glucose via respiration in the mitochondria, CO 2 . This process is essential for sustaining all mammalian life.
In tumors and other proliferating or developing cells, the rate of glucose uptake dramatically increases and lactate is produced, even in the presence of oxygen and in fully functioning mitochondria. This is called aerobic glycolysis, also termed the Warburg effect [76] . Aerobic glycolysis is less efficient than oxidative phosphorylation in terms of ATP production, but leads to the increased generation of additional metabolites that may particularly benefit proliferating cells. Increased glycolysis leads to increased glucose consumption and the production of lactate. The "Warburg effect" implies that cancer cells efflux lactate, which decreases the extracellular pH. The resulting pattern of an acidic extracellular environment and an alkaline cytosol is considered to be a hallmark of malignant cancers, and is referred to as a "reversed pH gradient" [77] . High lactate levels indicate metastasis, tumor recurrence, and low survival prognosis in some patients [78] . Accordingly, in 1996, Gerweck and Seetharama reported that electrode-measured pH values of tumors and adjacent normal tissues, which were concurrently measured by the same investigator in the same patients, consistently showed that the electrode measured pH (believed to primarily represent tissue extracellular pH) was substantially and consistently lower in tumor tissue than in normal tissue. Consistent with this, studies based on 31 P-magnetic resonance spectroscopy have estimated that intra-cellular pH is essentially identical to or slightly more basic in tumors than in normal tissue [79] .
Bidet and co-workers showed that Ptch1 uses the proton gradient to efflux chemotherapeutic agents [72] . This is possible only in tumor and in proliferating or developing cells, which present intracellular pHs that are higher than the extracellular pHs, due to the Warburg effect. Ptch1 drug efflux activity is then specific to cancer cells, in contrast to ABC transporters efflux activity, which also occurs in normal tissues. Ptch1 drug efflux inhibitors potentially represent much more cancer-specific and less toxic therapeutics than ABC transporters antagonists. This makes Ptch1 a particularly attractive therapeutic target to enhance the effectiveness of classical chemotherapeutic treatments, and to decrease the risk of recurrence and metastasis in cancers expressing Ptch1.
Inhibition of Ptch1 Drug Efflux Activity Increases Chemotherapy Efficacy
A screening assay was developed to identify molecules that are able to inhibit the drug efflux activity of Ptch1 [80] . This assay used Ptch1-expressing-yeast that were able to grow in the presence of a chemotherapeutic agent, such as doxorubicin [72] . Several molecules that were capable of inhibiting the growth of Ptch1-expressing-yeast in the presence of doxorubicin were identified. One of these molecules is a natural compound purified from a marine sponge. This molecule (panicein A hydroquinone) was shown to inhibit doxorubicin efflux and to increase doxorubicin cytotoxicity in vitro, in human melanoma cells that endogenously over-express Ptch1. This compound was the first inhibitor of Ptch1 doxorubicin efflux activity to be described [81] .
The screening of a collection of 1200 small drug and drug-like molecules allowed the discovery of a second inhibitor of Ptch1 drug efflux activity. In a recent study, Hasanovic and co-workers [44] showed that methiothepin, a serotonin transporter antagonist [82, 83] , significantly enhances the cytotoxic, pro-apoptotic, anti-proliferative, and anti-clonogenic effects of doxorubicin on ACC cells by inhibiting the doxorubicin efflux activity of Ptch1. They observed the same effect of methiothepin on cells that had been rendered resistant to doxorubicin. Interestingly, these doxorubicin-resistant cells showed an increased level of Ptch1 expression, suggesting that their resistance to the treatment was due to Ptch1 upregulation. These results demonstrated that methiothepin strongly enhances the efficacy of doxorubicin on ACC cells expressing Ptch1. In vivo experiments performed on mice bearing human ACC cells xenografts showed that the addition of methiothepin to doxorubicin treatment inhibited tumor growth more significantly than doxorubicin alone, in particular by enhancing doxorubicin accumulation in tumors. Notably, these effects were achieved without obvious undesirable side effects, and were specific, without increasing amounts of doxorubicin levels in the heart tissues of treated animals. This is a strong advantage in comparison to ABC transporter antagonists. Indeed, it was found that the co-administration of doxorubicin and the P-gp antagonist, verapamil, increased the concentration of doxorubicin in the heart of mice by 40%. The co-administration augmented the incidence and severity of degenerative changes in cardiac tissue, and decreased the survival rate compared with doxorubicin alone [84] . Other studies in rodents demonstrated that two other P-gp antagonists, cyclosporine A or its analog, PSC833, could also increase doxorubicin concentrations in correlation with a greater incidence and severity of myocardial damage [85, 86] . The mechanism involved is probably related to an accumulation of drugs in the heart as a result of inhibition of the normal protective function of P-gp, or other ABC transporters, by multidrug-resistance-reversing agents.
Moreover, experiments showed that methiothepin is also able to inhibit doxorubicin efflux and to increase doxorubicin cytotoxicity on colorectal, breast, and melanoma cancer cells that endogenously over-express Ptch1.
These results suggest that Ptch1 drug efflux inhibition could improve the effectiveness of doxorubicin on Ptch1-expressing cancers (Figure 4) . Doxorubicin has been in use for over five decades as the backbone of chemotherapy treatment regimens for a wide range of cancers. However, due to risk of heart failure, the maximum life time cumulative dose of doxorubicin has been limited, decreasing the benefits that patients may receive from this potent drug [87] . Since methiothepin strongly increases doxorubicin efficacy and specifically inhibits Ptch1 doxorubicin efflux in cancer cells, the effective dose of doxorubicin received by patients could be reduced, thereby inducing less impairment in cardiac function.
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Conclusions
It has long been postulated that the multidrug efflux transporter P-glycoprotein (P-gp/ABCB1/ MDR1) mediates the main mechanism of resistance of cancer cells to chemotherapeutic agents; however, recent studies have shown that the Hh receptor Ptch1, which is over-expressed in many recurrent and metastatic cancers, pumps chemotherapeutic agents such as doxorubicin out of cancer cells, and thereby also contributes to chemotherapy resistance. Therefore, the use of an inhibitor of Ptch1 drug efflux activity in combination with classical or targeted chemotherapy could be a promising therapeutic option for Ptch1-expressing cancers.
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